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1. PURPOSE
1.1 ANALYSES AND MODELS REPORT

As described in the Monitored Geologic Repository Project Description Document (CRWMS
M&O 1999a), the recommended waste package (WP) design is a double-walled WP underneath
a protective drip shield (DS). The purpose of the process-level model is to account for both
general and localized corrosion of the WP structural support, which is assumed to be 316NG
stainless steel. In regard to general and localized corrosion, 316L stainless steel is assumed to be
an appropriate analog for 316NG. No 316NG stainless steel was available for testing. The
model includes several sub-models, which account for dry oxidation (DOX), humid air corrosion
(HAC), general corrosion (GC) in the aqueous phase, and localized corrosion (LC) in the
aqueous phase. This analyses and models report (AMR) serves as a feed to the Waste Package
Degradation (WAPDEG) analyses. It also serves as a basis for the WP process model report
(PMR) and model abstraction for WAPDEG (CRWMS M&O 1999b).

1.2 BACKGROUND ON STAINLESS STEEL 316L

Alloy 22 is used as the corrosion resistant waste package outer barrier (WPOB). Stainless steel
316NG is to be used for construction of the structural support underneath the WPOB. The
316NG inner cylinder will increase the overall strength of the WP. Stainless steel 316L [UNS
S31603] is considered to be a good analog for 316NG and has a composition of 16-18% Cr, 10-
14% Ni, 2-3% Mo, 2% Mn (max.), 1% Si (max.), 0.03% C (max.), 0.045% P (max.), 0.03% S
(max.), 0.10% N (max.), and Fe (balance) (CRWMS M&O 1999¢, p. 13). This material is less
susceptible to LC in environments that contain Cl” than stainless steel 304 but more susceptible
than other corrosion resistant materials (CRMs) such as Alloys 22, 625, and 825 that have been
considered in various WP designs. The superior LC resistance of stainless steel 316L in
comparison to 304 is apparently due to the addition of Mo, which is believed to help stabilize the
passive film at low pH (Hack 1983). Molybdenum oxide is very insoluble at low pH (Pourbaix
1974). Consequently, 316L exhibits relatively high thresholds for localized attack.

1.3 ENVIRONMENT

The WP will experience a wide range of conditions during its service life. Initially, the high-
level WPs will be hot and dry due to the heat generated by radioactive decay. However, the
temperature will eventually drop to levels where both HAC and aqueous phase corrosion (APC)
will be possible. Crevices will be formed between WP and supports; beneath mineral
precipitates, corrosion products, dust, rocks, cement and biofilms; and between the Alloy 22
WPOB and the 316NG structural support. There has been concern that the crevice environment
may be more severe than the near field environment (NFE). The hydrolysis of dissolved metal
can lead to the accumulation of H™ and a corresponding decrease in pH. Field-driven
electromigration of CI” (and other anions) into the crevice must occur to balance cationic charge
associated with H' ions (Gartland 1997; Walton et al. 1996). These exacerbated conditions can
set the stage for the subsequent attack of WP materials by passive corrosion/dissolution, pitting,
stress corrosion cracking (SCC), and hydrogen induced cracking (HIC). Passive corrosion
implies very slow dissolution through a stable passive film. The passive corrosion rate is that
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which corresponds to the passive current density. LC, SCC and HIC may also occur outside the
crevice.

Such tests have been conducted in the Yucca Mountain Project’s (YMP’s) Long Term Corrosion
Test Facility (LTCTF) (Estill 1998). Test media used in this facility include simulated acidic
concentrated water (SAW), which is about one-thousand times (x1000) more concentrated than
the ground water at Yucca Mountain (J-13 well water) and has been acidified with H,SO4
(Gdowski, UCRL-ID-132287). The measured pH of SAW is approximately 2.7.

1.4 RELATIONSHIP TO PRINCIPAL FACTORS

Degradation of the WP is key to understanding one of the most important principal factors in
repository performance. This principal factor is the amount of water transmitted into and the rate
of release of radionuclides out of the WP. The models and supporting experimental data to
account for WP degradation, as well as the evolution of water involved in the various
degradation processes, have been explored by Waste Package Operations (WPO). These models
and supporting experimental data are reported in two separate PMRs, one for the WP and another
for the waste form (WF). This AMR addresses the development of realistic models to account
for the degradation of the 316NG stainless steel structural support inside the WPOB. Published
data and data generated by YMP are used. This AMR is an integral part of the WP PMR, which
also includes analyses for degradation of the WPOB and the DS. The WPOB will be fabricated
from Alloy 22, and the DS will be fabricated from Ti Grade 7.

1.5 ACTIVITY PLANS

Approved activity plans and technical development plans were used in the performance of the
work described in this document. Any necessary deviations from these activity plans are
documented in the corresponding scientific notebooks (SNs). These procedures are compliant to
the Office of Civilian Radioactive Waste Management (OCRWM) quality assurance (QA)
requirements.

1.6 SUMMARY OF MODEL

The model for the general and LC of stainless steel 316NG (or 316L) is summarized in Figure 1.
First, any corrosion of the structural support requires penetration of the WPOB. The threshold
RH represented by Figure 2 and Equation 1 is first used to determine whether or not DOX will
take place. If DOX is determined to occur, the parabolic growth law represented by Equations 6
through 12 is then used to calculate the corrosion rate as a function of temperature. If the
threshold RH is exceeded, HAC will occur in the absence of dripping water, and APC will occur
in the presence of dripping water. If APC is assumed to occur, the corrosion and critical
potentials are used to determine whether the mode of attack is general or localized. The
correlation represented by Equation 16 and Table 4 are used as the basis for estimating these
potentials at the 50" percentile. Since the material specifications will be based partly on the
measured corrosion and critical potentials, it will be assumed that these potentials will be
uniformly distributed about the 50" percentile values determined from the correlation. For
example, the 0" and 100™ percentile values of E,,, will be assumed to be at E,,,, (50th percentile)
+ AE.,. Similarly, the 0™ and 100" percentile values of Eisicqs Will be assumed to be at E.ijicar
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(50th percentile) + AE, ;.. The desired values for AE,,,, and AE, ;. can be determined by
inspecting Table 5. Values ranging from 24 to 75 mV seem like reasonable choices, based upon
simulated saturated water (SSW). Materials would be tested before use, with any materials
falling outside of the specified range being rejected. Acceptability is defined as a condition
where no LC occurs. If the comparison of E., to Egiicqr indicates GC, the distribution of rates
determined from Figures 11 and 12 will be used as the basis of the general and localized rates of
corrosion. This model does not yet account for the effects of aging and sensitization on
corrosion rates. However, such enhancements of the corrosion rate will be accounted for in the
future. Rates will be augmented to account for aging and MIC, as discussed in Sections 6.8 and
6.9.
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Figure 1. Schematic of Corrosion Model for Stainless Steel 316NG Structural Support
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1.7 UNCERTAINTY AND VARIABILITY

The primary uncertainty in the threshold RH for HAC and APC is due to the presence of nitrate.
Values of the equilibrium RH as a function of temperature for a saturated solution of NaNO; are
given in Table 9 and Figure 8 of the AMR on WP surface environment (CRWMS M&O 2000a).
Despite significant experimental work at Lawrence Livermore National Laboratory (LLNL),
there continues to be significant uncertainty in the threshold RH for HAC and APC.

In an ideal case, the crevice corrosion temperature can be estimated from the intersection of the
lines representing the corrosion and threshold potentials at elevated temperature. To force
crevice corrosion to occur in the model, £, and E;. can simply be equated over temperature
ranges of uncertainty. It is assumed that the crevice corrosion temperature is uniformly
distributed over this range of uncertainty. Alternatively, the published data summarized in
Figures 9 and 10 can be used to estimate critical temperatures.

Published rates of GC and LC are summarized in Tables 6 through 9, as well as in Figures 11
through 14. From comparing the data for 304 and 316 stainless steels, the advantages of
molybdenum additions are evident. The corrosion rates of 304 are higher than comparable rates
of 316. Type 316 stainless steel contains more molybdenum than Type 304 stainless steel. From
Figure 12, the LC rates of 316 appear to lie between 10° and 10* pm y™. The GC rates for APC
of 316 appear to lic between 10" and 10* pm y'. The GC rates for HAC (atmospheric
corrosion) of 316 appear to lie between 10~ and 10" um y'. It is assumed that the published
rates for 316 are representative of those for 316NG. The regression line shown in Figure 12 is
assumed to represent both uncertainty and variability.

1.8 RESOLUTION OF COMMENTS IN ISSUE RESOLUTION STATUS REPORT

The issue resolution status report (IRSR) recently issued by the NRC (1999) provides guidance
for the development of process-level models. The primary consideration in the key technical
issue (KTI) is the container life and source term (CLST). There must be a high degree of
confidence in the adequacy of the engineered barrier system (EBS) design, thereby providing
assurance that containers will be adequately long-lived, and radionuclide releases from the EBS
will be sufficiently controlled. The container design and the packaging of spent nuclear fuel
(SNF) and high-level waste (HLW) glass are expected to make a significant contribution to the
overall repository performance. The IRSR defines the physical boundary of the EBS by the
walls of the WP emplacement drifts. The IRSR deems six sub-issues to be important to the
resolution of the KTI. The first sub-issue is specifically relevant to this AMR: the effects of
corrosion processes on the lifetime of the containers.

The acceptance criteria for sub-issue 1 are:
1. DOE has identified and considered likely modes of corrosion for container materials,

including dry-air oxidation, humid-air corrosion, and aqueous corrosion processes, such as
GC, LC, MIC, SCC and HIC, as well as the effect of galvanic coupling.
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Response: This AMR includes process-level models for DOX, HAC, and APC processes,
such as GC, LC, and MIC. Galvanic coupling effects have been minimized to the extent
possible and will be accounted for in greater detail in future revisions. Both SCC and HIC
are dealt with in companion AMRs.

2. DOE has identified the broad range of environmental conditions within the WP emplacement
drifts that may promote the corrosion processes listed previously, taking into account the
possibility of irregular wet and dry cycles that may enhance the rate of container degradation.

Response: This AMR includes environmental thresholds that can be used to switch between
dominant modes of corrosion. For example, as the WP temperature drops and the RH
increases, the mode of attack changes from dry-air oxidation to humid-air or aqueous-phase
corrosion. A comparison of the corrosion and threshold potentials is used to determine
whether or not LC will occur.

3. DOE has demonstrated that the numerical corrosion models used are adequate
representations, taking into consideration associated uncertainties, of the expected long-term
behaviors and are not likely to underestimate the actual degradation of the containers as a
result of corrosion in the repository environment.

Response: Uncertainties are accounted for in corrosion rates. Published rates of GC and LC
are summarized in Tables 6 through 9, as well as in Figures 11 through 14. From comparing
the data for 304 and 316 stainless steels, the advantages of molybdenum additions are
evident. The corrosion rates of 304 are higher than comparable rates of 316. Type 316
stainless steel contains more molybdenum than Type 304 stainless steel. From Figure 12, the
LC rates of 316 appear to lie between 10° and 10* pm y'. The GC rates for APC of 316
appear to lie between 10" and 10° pm y™'. The GC rates for HAC (atmospheric corrosion) of
316 appear to lie between 10~ and 10" pm y™'. It is assumed that the published rates for 316
are representative of those for 316NG. The regression line shown in Figure 12 is assumed to
represent both uncertainty and variability.

4. DOE has considered the compatibility of container materials, the range of material
conditions, and the variability in container fabrication processes, including welding, in
assessing the performance expected in the containers intended waste isolation.

Response: The effects of welding and thermal aging on the corrosion resistance of the WP
materials will be accounted for as discussed in Sections 5.7 and 6.8, both entitled Effect of
Thermal Aging and Sensitization on Corrosion. In published aging studies conducted with
Type 316 stainless steel at 816°C for up to 10,000 hours, the M,3C¢ concentration increases
almost immediately. The chi (X) phase begins to precipitate at about 150 hours, while the
sigma (0) and Laves phases do not begin to precipitate until about 500 and 1000 hours,
respectively. By lowering the carbon content of Type 316 stainless steel to a level
corresponding to Type 316L, the time required for formation of a given quantity of M»3Cg is
significantly lengthened. After the precipitated carbide phase reaches a maximum, it can
begin to redissolve into the bulk. The formation of both M»3Cs and sigma phases are
accelerated by cold working.
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Sensitization is a term denoting increased susceptibility to attack following a thermal
exposure that causes chromium-rich M,3Cg carbides to precipitate at grain boundaries. The
subject of sensitization has been the subject of extensive investigation. Chromium carbide
precipitation in stainless steels occurs in the temperature range from 500 to 850°C (930 to
1560°F) with the rate of precipitation controlled by chromium diffusion. A variety of
metallurgical changes have been suggested as mechanisms for sensitization, but it is
generally accepted that the principal feature responsible is a narrow chromium-depleted zone
adjacent to the carbides. It is generally accepted that susceptibility to intergranular attack
occurs when there is an essentially continuous zone in which the local chromium
concentration is below about 13 atomic percent. Chromium is the element responsible for
the formation of stable passive films on stainless steels, and localized depletion of this
element adjacent to grain boundaries results in the establishment of an active path (one which
does not readily repassivate) into the bulk material. The width of this chromium-depleted
region is typically 200 nm. The effect of thermal aging on the corrosion rate is accounted for
in an enhancement factor for sensitized grain boundaries (Gggq). In the case of non-
sensitized base metal, this enhancement factor is unity (Gugs ~ 1), whereas the value for
completely sensitized grain boundary is much larger (Gug.s ~ 10). Material with less carbide
precipitation than the fully sensitized material would have an intermediate value of Gygeq (1 <
Gagea < 10). Here it is assumed that these depleted regions are about 200 nm wide (0= 2x10°
> cm). The fraction falling within the chromium-depleted region would experience corrosion
rate enhancement (G,ees= 1). Alternatively, LC rates could be applied to the fraction of the
area represented by 5, with GC rates applied to the remaining area.

5. DOE has justified the use of data collected in corrosion tests not specifically designed or
performed for the Yucca Mountain repository program for the environmental conditions
expected to prevail at the YM site.

Response: The threshold RH used to determine whether vapor phase attack is by DOX or
HAC is based upon the deliquescence point of salt deposits that could form on the WP
surface due to aerosol transport. Measurements of GC rates in the vapor and aqueous phases,
electrochemical potentials, and other relevant performance data were in test media that can
be directly related to water chemistry expected on the WP surface during the service life of
Alloy 22. These water chemistries are based upon evaporative concentrations of the standard
J-13 well water chemistry. Crevice chemistry is being measured in situ, with and without the
presence of buffer ions. In the aqueous phase, a range of temperature extending from room
temperature to 120°C is being investigated. The high-temperature limit is based upon the
boiling point of a near-saturation water chemistry without buffer. The expected boiling point
of the aqueous phase on the WP surface is expected to be lower.

6. DOE has conducted a consistent, sufficient, and suitable corrosion testing program at the
time of the LA submittal. In addition, DOE has identified specific plans for further testing to
reduce any significant area(s) of uncertainty as part of the performance confirmation
program.
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Response: The DOE has established a corrosion test program that addresses all anticipated
modes of corrosive attack of the WP. Studies include exposure of over 18,000 samples of
candidate WP material in the LTCTF. A large number of pre- and post-exposure
measurements of dimension and weight allow establishment of distribution functions for
representation of the GC rate. Microscopic examination of samples from the LTCTF and
other corrosion tests is done with scanning electron microscopy (SEM), atomic force
microscopy (AFM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
secondary ion mass spectrometry (SIMS), and other state-of-the-art surface analytical
techniques. Potentiodynamic and potentiostatic electrochemical tests are conducted with
base metal, thermally aged material, and simulated welds. Thermally aged material is fully
characterized with the transmission electron microscope (TEM) as discussed by Summers
(CRWMS M&O 2000b).

7. DOE has established a defensible program of corrosion monitoring and testing of the
engineered subsystems components during the performance confirmation period to assure
they are functioning as intended and anticipated.

Response: The DOE has established a corrosion test program that addresses all anticipated
modes of corrosive attack of the WP. There is a clear linkage between the experimental data
being collected and modules in the predictive WAPDEG code that serves as the heart of the
Total System Performance Assessment (TSPA). Data and modules have been developed for
each key element of the EDA II design: the WPOB (Alloy 22), the inner structural support
(stainless steel 316NG), and the protective DS (Ti Grade 7). Companion AMRs provide data
and modules for the stainless steel 316NG and the Ti Grade 7 alloy.

2. QUALITY ASSURANCE

The Quality Assurance (QA) program applies to this analysis. All types of WPs were classified
(per QAP-2-3) as Quality Level-1. CRWMS M&O (1999c, p. 7) in Classification of the MGR
Uncanistered Spent Nuclear Fuel Disposal Container System is cited as an example of a WP
type. The development of this analysis is conducted under activity evaluation /7017040 Long
Term Materials Testing and Modeling (CRWMS M&O 1999d), which was prepared per QAP-2-
0. The results of that evaluation were that the activity is subject to the Quality Assurance
Requirements and Description (DOE 2000) requirements.

3. COMPUTER SOFTWARE AND MODEL USAGE
3.1 SOFTWARE ROUTINES

The electronic notebook discussed in AP-E-20-81 was kept with Microsoft Excel 97.
Calculations used to manipulate raw data were performed electronically in spreadsheets created
with Microsoft Excel 97. The Microsoft Excel 97 that was used was bundled with Microsoft
Office 97 Professional Edition for Windows 95/NT or Workstation 4.0 (SN # 269-056-174).
Excel is considered exempt from the OCRWM procedure entitled Software Configuration
Management (AP-S1.1Q).
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The correlation equations presented in this document were created within Excel spreadsheets.
Those correlation equations were checked by hand calculation, using a Hewlett-Packard 20S
scientific calculator. All correlation equations were found to be reasonable predictors of the
represented data. Many of the tabulated calculations were also checked by hand calculation.

3.2 INTEGRITY OF TRANSFER OF DATA

The integrity of electronic data transfer has been verified as required by OCRWM Procedure
YAP-SV.1Q. The comparison method was used to ensure the accuracy of the transferred data.
A sampling of approximately 5% of the data in the source file was visually compared to the
corresponding data in the transferred file. The data selected was at the reviewer’s discretion.
Reviewers included the originator as well as the document editor and QA staff.

4. INPUTS
4.1 DATA AND PARAMETERS
4.1.1 Definition of Parameters
by coefficient in regression equation
b; coefficient in regression equation
b, coefficient in regression equation
Leorr corrosion current density
Ipass passive current density
k parabolic rate constant in DOX model
p wall penetration due to corrosive attack
t exposure time during weight loss measurement
t time in DOX model
Woxide formula weight of oxide formed during DOX
X independent variable in regression equation
X oxide thickness in DOX model
v dependent variable in regression equation
zZ; valence (charge) of the i™ ion
D,yide diffusivity of reacting species through protective oxide
E.orr corrosion potential
Eitical critical potential — threshold for localized attack
E; junction potential
Joxide flux of reacting species through protective oxide
R universal gas constant
R’ regression coefficient
RH relative humidity
RH itical threshold RH for HAC
T temperature
o standard deviation
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u mean

p density of Stainless steel 3161
Poxide density of oxide formed during DOX
{oxide stoichiometric coefficient for DOX reaction

4.1.2 Determination of Input Parameters

Input for this AMR includes bounding conditions for the local environment on the WP surface,
which include temperature, relative humidity (RH), presence of liquid-phase water, liquid-phase
electrolyte concentration (chloride, buffer, and pH), and oxidant level. The detailed evolution of
the environment on the WP surface is defined by a companion AMR entitled Environment on the
Surface of Drip Shield and Waste Package Outer Barrier (CRWMS M&O 2000a). This work
has been used to define the threshold RH for HAC and APC as well as a medium for testing WP
materials under what is now believed to be a worst-case scenario. This test medium is referred to
here as SSW and has a boiling point of approximately 120°C.

As discussed in CRWMS M&O (2000a), the AMR on WP environment, hygroscopic salts may
be deposited by aerosols and dust introduced with the backfill. They will be dissolved in
seepage water that enters the drifts and the episodic water that flows through the drifts. Salts will
be deposited on the WP surface during evaporation. Such hygroscopic salts, deposited on WP
surfaces, enable aqueous solutions to exist as thin surface films at relative humidities below
100%. The threshold RH (RH,isicq) at which a thin-film aqueous solution can exist on the
surface is defined as the deliquescence point (CRWMS M&O 2000a). This threshold defines the
condition necessary for aqueous electrochemical corrosion processes of a metal with salt deposits
to occur at a given temperature. It is believed that evaporation will produce a solution with
sodium, potassium, chloride, and nitrate ions. Other ions may be present but at significantly
lower levels. The deliquescence point of NaCl is relatively constant with temperature and varies
from 72-75%. In contrast, the deliquescence point of NaNOs has a strong dependence on
temperature, ranging from an RH of 75.36% at 20°C to 65% at 90°C. The implied equilibrium
RH is 50.1% at 120.6°C. The primary uncertainty in the threshold RH for HAC and APC is due
to the presence of nitrate. Values of the equilibrium RH as a function of temperature for a
saturated solution of NaNOs are given in Table 8 and Figure 8 of the AMR on WP surface
environment (CRWMS M&O 2000a). It is assumed that any other salts with lower
deliquescence points (RH,icq;) are precipitated. For the time being, this threshold will be
assumed to obey the following polynomial in temperature, which is a fit of the data
deliquescence point data for NaNOs:

RH =-3.5932x107 xT(°C)* +5.9649x107> x T(°C)* = 0.45377xT(°C) +81.701 (Eq. 1)

critical

R’ =0.9854,

where R’ is the coefficient of determination and where R is the coefficient of correlation. This
correlation is compared to the data in Figure 2 below.

As discussed in Section 6.5.2 of the AMR on DS and WP environment (CRWMS M&O 2000a),
the evaporative concentration of J-13 well water results in the concentration of Na", K", CI', and
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NOj5". The concentration of HCOj3™ reaches a constant level, while the concentrations of F~ and
SO4* initially increase but eventually fall due to precipitation. Ultimately, the F~ drops below
the level of detection. The SSW formulation is based upon the assumption that evaporation of
J-13 eventually leads to a sodium-potassium-chloride-nitrate solution. The absence of sulfate
and carbonate in this test medium is believed to be conservative, in that carbonate would help
buffer pH in any occluded geometry such as a crevice. Polyprotic anions with multistep
dissociation tend to serve as buffers.
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Figure 2. Deliquescence Point for Sodium Nitrate Solutions

As pointed out in CRWMS M&O (2000a), the deliquescence point can cover a broad range. For
example, the deliquescence point of NaOH is 1.63% at 75°C. The deliquescence point of K,SO4
is 97.59% at 20°C. It is assumed that the uncertainty in RH,.;.,s can be represented by a
triangular distribution (Section 6.5.4). The value at the 50" percentile is represented by Equation
1. Values at the 0" and 100™ percentiles are assumed to be 0 and 100%, respectively.

4.2 CRITERIA

The following criterion applies to general corrosion and localized corrosion of the WPOB of all
WP designs (CRWMS M&O 1999f).

The disposal container/WP shall be designed, in conjunction with the Emplacement Drift System
and the natural barrier, such that the expected annual dose to the average member of the critical
group shall not exceed 25 mrem total effective dose equivalent at any time during the first
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10,000 years after permanent closure, as a result of radioactive materials released from the
geologic repository (CRWMS M&O 1999f1) (Section 1.2.1.3).

4.3 CODES AND STANDARDS
4.3.1 Standard Test Media

G. E. Gdowski, Formulation and Make-up of Simulated Acidic Concentrated Water (SAW),
High Tonic Content Aqueous Solution, Yucca Mountain Project, Lawrence Livermore National
Laboratory, Livermore, CA, TIP-CM-08, Revision CN TIP-CM-08-0-2, April 4, 1997, Table 1,
p. 3. UCRL-ID-132287.

G. E. Gdowski, Formulation and Make-up of Simulated Dilute Water (SDW), Low Ionic Content
Aqueous Solution, Yucca Mountain Project, Lawrence Livermore National Laboratory,
Livermore, CA, TIP-CM-06, Revision CN TIP-CM-06-0-2, April 4, 1997, Table 1, p. 3. UCRL-
ID-132286.

G. E. Gdowski, Formulation and Make-up of Simulated Concentrated Water (SCW), High lonic
Content Aqueous Solution, Yucca Mountain Project, Lawrence Livermore National Laboratory,
Livermore, CA, TIP-CM-07, Revision CN TIP-CM-07-0-2, April 4, 1997, Table 1, pp. 3-4.
UCRL-ID-132285.

4.3.2 General Corrosion Measurements

Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens,
Designation G 1-90, 1997 Annual Book of American Society for Testing and Materials (ASTM)
Standards, Section 3, Vol. 3.02, pp. 15-21.

Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens,
Designation G 1-81, 1987 Annual Book of ASTM Standards, Section 3, Vol. 3.02, pp. 89-94,
Subsection 8 — Calculation of Corrosion Rate, Appendix X1 — Densities for a Variety of Metals
and Alloys.

ASTM G48-99a. 1999. Standard Test Methods for Pitting and Crevice Corrosion Resistance of
Stainless Steels and Related Alloys by Use of Ferric Chloride Solution. West Conshohocken,
Pennsylvania: American Society for Testing and Materials.

4.3.3 Cyclic Polarization Measurements

Standard Reference Test Method for Making Potentiostatic and Potentiodynamic Anodic
Polarization Measurements, Designation G 5-87, 1989 Annual Book of ASTM Standards,
Section 3, Vol. 3.02, pp. 79-85.

Standard Practice for Conventions Applicable to Electrochemical Measurements in Corrosion

Testing, Designation G 3-89, 1997 Annual Book of American Society for Testing and Materials
(ASTM) Standards, Section 3, Vol. 3.02, pp. 36-44.
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Standard Test Method for conducting Cyclic Potentiodynamic Polarization Measurements for
Localized Corrosion Susceptibility of Iron-, Nickel-, or Cobalt-Based Alloys, Designation G 61-
86, 1997 Annual Book of American Society for Testing and Materials (ASTM) Standards,
Section 3, Vol. 3.02, pp. 231-235.

Standard Reference Test Method for Making Potentiostatic and Potentiodynamic Anodic
Polarization Measurements, Designation G 5-94, 1997 Annual Book of American Society for
Testing and Materials (ASTM) Standards, Section 3, Vol. 3.02, pp. 54-57.

5. ASSUMPTIONS
5.1 DRY OXIDATION

It is assumed first that the Alloy 22 WPOB must be penetrated before significant DOX of the
inner 316L component can occur. Thereafter, DOX occurs at any RH below the threshold
(RH 1iticar) for HAC:

RH < RHcritical (Eq 2)

RH._,jjicqr 18 assumed to obey Equation 1. DOX forms an adherent, protective oxide film of
uniform thickness. The rate of DOX will be assumed to be limited by mass transport through the
growing metal oxide film. Consequently, the oxide thickness will obey either a logarithmic or
parabolic growth law (film thickness proportional to the square root of time). Due to the
availability of data to support the parabolic growth law, those kinetics are assumed here.
Reasonable values of the parabolic rate constant will be assumed, as discussed in Section 6.1.
DOX is assumed to occur uniformly over each WAPDEG patch, which is comparable in size to
that of a LTCTF sample with generic weight-loss geometry. Welding is assumed to have no
significant effect on the DOX threshold and rate. Backfill is also assumed to have no significant
effect on the DOX threshold and rate. These assumptions are relevant to the analysis presented
in Section 6.1.

As pointed out in CRWMS M&O (2000a), the deliquescence point can cover a broad range. For
example, the deliquescence point of NaOH is 1.63% at 75°C. The deliquescence point of K,SO4
is 97.59% at 20°C. It is assumed that the uncertainty in RH,.;.,s can be represented by a
triangular distribution (CRWMS M&O 2000d, Section 6.5.4, Attachment II). The value at the
50™ percentile is represented by Equation 1. Values at the 0™ and 100" percentiles are assumed
to be 1.63 and 97.59%, respectively.

5.2 HUMID AIR CORROSION
The WPOB must be penetrated before significant HAC can occur. After penetration of the
WPORB, it is assumed that HAC occurs at any RH above the threshold, provided that there is no

dripping or other episodic water intrusions:

R‘H 2 RHc'ritical (Eq 3)
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This threshold RH for HAC (RH_,ica1) 1 assumed to obey Equation 1, which is taken from the
AMR entitled Environment on the Surface of Drip Shield and Waste Package Outer Barrier
(CRWMS M&O 2000a). As a bounding worst-case assumption based on a conservative
approach, it will be assumed that the rate of HAC is identical to the largest observed rate for
APC during the period where HAC is operable. It will also be assumed that the corrosion rate is
constant, and does not decay with time. Therefore, the combined distributions presented here are
based upon the combined data for the vapor and aqueous phases and are assumed to represent
HAC and APC equally well. Less conservative corrosion models assume that the rate decays
with time. HAC is assumed to occur uniformly over each WAPDEG patch, which is comparable
in size to that of a LTCTF sample with generic weight-loss geometry. Welding is assumed to
have no significant effect on the HAC threshold and rate. Backfill is also assumed to have no
significant effect on the HAC threshold and rate. These assumptions are relevant to the analysis
presented in Section 6.2.

5.3 AQUEOUS PHASE CORROSION

The WPOB must be penetrated before significant APC of the underlying 316NG structural
support can occur. After penetration of the WPOB, the existence of liquid-phase water on the
WP depends upon the presence of a salt and mineral deposit. In the presence of such a deposit, a
liquid-phase can be established at a higher temperature than otherwise possible. In the model
discussed here, it is assumed that two conditions must be met for APC: dripping water and RH
above the deliquescence point of the deposit at the temperature of the 316NG structural support.

R‘H 2 RHc'ritical (Eq 4)

This threshold RH for HAC (RH_;isicar) 1s assumed to obey Equation 1, which is based upon the
AMR entitled Environment on the Surface of Drip Shield and Waste Package Outer Barrier
(CRWMS M&O 2000a). For the time being, the composition of the electrolyte formed on the
WP surface is assumed to be that of SCW below 100°C and that of SSW above 100°C. It will be
assumed that the corrosion rate is constant and does not decay with time. Less conservative
corrosion models assume that the rate decays with time. General APC is assumed to occur
uniformly over each WAPDEG patch, which is comparable in size to that of a LTCTF sample
with generic weight-loss geometry. Welding is assumed to have no significant effect on the APC
threshold and rate. Backfill is also assumed to have no significant effect on the APC threshold
and rate. These assumptions are relevant to the analysis presented in Section 6.3.

5.4 THRESHOLD FOR LOCALIZED CORROSION

If the open circuit corrosion potential (£,,,,) of the 316NG is less than the threshold potential for
LC (E.ritica), it will be assumed that no LC occurs.

Ecorr < Ecrm'cal (Eq 5)

Threshold values have been determined for 316L in various representative environments, as
discussed in Section 6.4. Stainless steel 316L is assumed to be an adequate analog for 316NG.
In an ideal case, the crevice corrosion temperature can be estimated from the intersection of the
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lines representing the corrosion and threshold potentials at elevated temperature. To force
crevice corrosion to occur in the model, £, and E,;i.s can simply be equated over temperature
ranges of uncertainty. It is assumed that the crevice corrosion temperature is uniformly
distributed over this range of uncertainty. This assumption is relevant to the analysis presented in
Section 6.4.3 and is based on a conservative approach for crevice corrosion temperature.
Alternatively, the published data summarized in Figures 9 and 10 can be used to estimate critical
temperatures.

5.5 EFFECT OF GAMMA RADIOLYSIS ON CORROSION POTENTIAL

The effects of oxidant can be accounted for through the open circuit corrosion potential (E.,).
Based upon published data described in Section 6.6, it is believed that the shift in corrosion
potential due to gamma radiolysis will be significantly less than 200 mV.

5.6 EFFECT OF MICROBIAL GROWTH ON CORROSION POTENTIAL

The effect of microbial growth on E,,,- and GC rates for 316L have been studied by LLNL (Horn
et al. 1998; Lian et al. 1999). End-point measurements of £, in both inoculated and sterile
media indicate that microbial growth does not have any large impact on this parameter. The GC
rate appears to be doubled in the presence of microbes. More work is needed to help resolve this
issue in the future. This assumption is relevant to the analyses presented in Sections 6.4, 6.5 and
6.8 and will be further developed in the future.

5.7 EFFECT OF THERMAL AGING AND SENSITIZATION ON CORROSION

First, it is assumed that the WP temperature is kept below 300°C. With this constraint, the
impact of aging and phase instability on the corrosion of stainless steel 316NG is expected to be
insignificant. This is based on the limited data available on Alloy 22 at this time.

5.8 ASSUMPTIONS PERTAINING TO INNER BARRIER

The stainless steel 316NG inner barrier of the WP provides structural integrity for the WP until
the outer barrier fails. Thus far, there has been no intention to claim credit for the corrosion
resistance of this stainless steel layer. This AMR provides a technical basis for claiming credit
for the inner barrier in the event that the strategy changes.

After penetration of the WPOB, the formation of a crevice between the Alloy 22 and 316NG is
possible. The formation of a low-pH crevice environment in this interfacial region is possible, as
discussed in Section 6.7. Crevice corrosion of the Alloy 22 due to the local chemistry
established through hydrolysis of dissolved metal from the 316NG could be severe. While such
inside-out attack is not accounted for in the present model, it may be desirable to account for it in
the future, especially in crevice regions with welds that might be susceptible to SCC.
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6. ANALYSIS/MODEL
6.1 DRY OXIDATION

After penetration of the WPOB, it is assumed that DOX of the 316NG structural support will
occur at any RH below the threshold for HAC.

RH < RHcritical (Eq 6)

This process is assumed to result in the formation of an adherent, protective oxide film (primarily
Cr,03) of uniform thickness. The oxidation reaction given as (Welsch et al. 1996, CRWMS
M&O 2000d):

4/3Cr+0, M. 2/3Cr,0, (Eq. 7)

The rate of dry oxidation will be assumed to be limited by mass transport through this growing
metal oxide film. Fick’s first law is applied, assuming a linear concentration gradient across the
oxide film of thickness x:

—=-D_, — (Eq. 8)
X

where J,.i4. 1s the molar flux of the reacting species in the oxide, D4 is the diffusivity of the
reacting species in the oxide, AC is the corresponding differential molar concentration. Oxide
growth is related to the flux by:

xJ

ﬂ - Zoxide Xw oxide (Eq 9)

oxide

dt p oxide

where {,.iqe 18 the stoichiometric coefficient (moles of oxide per mole of diffusing species), Woyide
is the formula weight of the oxide, and P,z 1s the density of the oxide. Integration shows that
the oxide thickness should obey the following parabolic growth law (Welsch et al. 1996), also
known as Wagner’s Law, where the film thickness is proportional to the square root of time:

x =+lxg +k Xt (Eq. 10)

where xp is the initial oxide thickness, x is the oxide thickness at time ¢, and & is a temperature-
dependent parabolic rate constant. More specifically, & is defined as follows:

xD  xAC

= 2 XZ oxidexw oxide (Eq 1 1)

oxide

p oxide

k
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To facilitate an approximate calculation, published values of & can be used (Welsch et al. 1996).
From Figure 18 of this reference, it is concluded that all observed values of & fall below a line
defined by:

loglk (ms ™) = _12_5%%%3_5 (Eq. 12)

where 7 is defined as the absolute temperature. The highest temperature is expected to be
approximately 350°C (623 K), which corresponds to the limit for the fuel cladding. The value of
k corresponding to this upper limit is 2.73x10?* m* s (8.61x10” square microns per year).
After one year, this corresponds to a growth of 0.0093 microns (about 9.3 nm per year). As will
be seen in subsequent discussion, this estimated rate is comparable to that expected for APC at
lower temperatures. It is therefore recommended that dry oxidation of the stainless steel 316NG
or 316L be accounted for through application of the parabolic law. The above expression
represents a conservative upper bound, based upon the published literature.

As discussed in the AMR for corrosion of the titanium DS (CRWMS M&O 2000c), logarithmic
growth laws may be more appropriate at relatively lower temperature than parabolic laws.
However, such logarithmic expressions predict that the oxide thickness (penetration)
asymptotically approaches a small maximum level. In contrast, the parabilic law predicts
continuous growth of the oxide, which is much more conservative. Since such conservative
estimates of the dry oxidation rate do not appear to be life limiting and reliable data for
determining the maximum oxide thickness on 316NG (or 316L) do not appear to be available,
the parabolic growth law will be used for the 316NG structural support.

The DOX model presented here assumes uniform oxidation of the 316NG surface inside the
penetrated WPOB. In the future, the possibility of preferential DOX along grain boundaries in
the 316NG should be considered. This is a generic failure mode recognized by Dr. D. S. Dunn
of the Southwest Research Institute in San Antonio, Texas in November 1999 in regard to Alloy
22. He is a representative of the U.S. Nuclear Regulatory Commission. Such preferential attack
would ultimately be diffusion controlled, with the diffusion path being equivalent to the length of
oxidized grain boundary.

6.2 HUMID AIR CORROSION

After penetration of the WPOB, it is assumed that HAC of the 316NG structural support will
occur above a threshold RH, provided that there is no dripping:

RH = RH (Eq. 13)

critical

This threshold RH for HAC (RH_isicq1) 18 assumed to obey Equation 1, which is based upon the
AMR entitled Environment on the Surface of Drip Shield and Waste Package Outer Barrier
(CRWMS M&O 2000a). The existence of this threshold is due to the dependence of water
adsorption on RH.
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Despite significant experimental work, there continues to be significant uncertainty in the
threshold RH for HAC and APC. Other salts are known to have deliquescence points below that
of NaNOs. Furthermore, it is known that two monolayers of water can exist on a metal surface at
only 40% RH. The approximate number of water monolayers on typical metal surfaces as a
function of RH is given by Leygraf (1995) and repeated below in Table 1.

Table 1.  Coverage of Metal Surfaces by Water

Relative Humidity (%) Number of Water Monolayers
20 1

40 1.5-2

60 2-5

80 5-10

It will be assumed that HAC can be treated as uniform GC. As a bounding worst-case
assumption, it will be assumed that the rate of HAC can be represented by the atmospheric
corrosion rates shown in Figures 12 and 13. It will also be assumed that the corrosion rate is
constant and does not decay with time (Gdowski and Bullen 1988). As pointed out in CRWMS
M&O (2000d), observed deliquescence points cover a very broad range of RH. The
deliquescence point of NaOH is 1.63% RH at 75°C, while that of K,SO4 is 97.59% RH at 20°C.
It is assumed that the uncertainty in RH,,.;;.; can be represented by a triangular distribution. The
triangular distribution is described in Section 6.5.4 of the companion AMR on the WPOB
(CRWMS M&O 2000d). The value at the 50" percentile is represented by Equation 1. Values
at the 0™ and 100™ percentiles are assumed to be 1.63 and 97.59%, respectively.

6.3 AQUEOUS PHASE CORROSION

After penetration of the WPOB and at a given surface temperature, the existence of liquid-phase
water on the 316NG structural support depends upon the presence of a salt and mineral deposit.
In the presence of such a deposit, a liquid-phase can be established at a higher temperature than
otherwise possible. In the model discussed here, it is assumed that two conditions must be met
for APC: dripping water; and RH above the deliquescence point of the deposit at the temperature
of the 316NG structural support.

RH = RH (Eq. 14)

critical
This threshold RH for HAC (RH.iricar) 1 assumed to obey Equation 1, which is based upon the
AMR entitled Environment on the Surface of Drip Shield and Waste Package Outer Barrier
(CRWMS M&O 2000a). For the time being, the composition of the electrolyte formed at the
interface between the 316NG and the WPOB is assumed to be that of SCW below 100°C and
that of SSW above 100°C. It will be assumed that the corrosion rate is constant and does not
decay with time. Less conservative corrosion models assume that the rate decays with time.
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6.4 LOCALIZED CORROSION
6.4.1 Threshold Potentials of Stainless steel 316L

The LC model for stainless steel 316NG (analogous to 316L) assumes that localized attack
occurs if the open circuit corrosion potential (£.,.) exceeds the conservative threshold potential
for possible breakdown of the passive film (Eicar):

E (Eq. 15)

corr — critical

6.4.2 Cyclic Polarization in Synthetic Concentrated J-13 Well Waters

The YMP has used CP to determine threshold potentials for titanium alloys in various test media
relevant to the environment expected in the repository. These test media are based upon J-13
well water chemistry (Harrar et al. 1990). Relevant test environments include simulated SDW,
SCW, and SAW at 30, 60, and 90°C, as well as SSW at 100 and 120°C. The compositions of
these test media are based upon the work at LLNL (Gdowski, UCRL-ID-132287; UCRL-ID-
132286; UCRL-ID-132285). The SSW composition has been recently developed (CRWMS
M&O 2000a) and is documented in a companion AMR on GC and LC of the WPOB (CRWMS
M&O 2000d). These test media are summarized in Table 2 below. In general, anions such as
chloride promote LC; whereas, other anions such as nitrate tend to act as corrosion inhibitors.
Thus, there is a very complex synergism of corrosion effects in the test media.

Table 2. Composition of Standard Test Media Based Upon J-13 Well Water

lon SDW SCwW SAW SSW
(mg/L™) (mg/L™) (mg/L™) (mg/L™)

K 3.400E+01 3.400E+03 3.400E+03 1.416E+05
Na*' 4.090E+02 4.090E+04 4.090E+04 4.870E+04
Mg+2 1.000E+00 1.000E+00 1.000E+03 0.000E+00
Ca'? 5.000E-01 1.000E+00 1.000E+03 0.000E+00
F' 1.400E+01 1.400E+03 0.000E+00 0.000E+00
cr’ 6.700E+01 6.700E+03 6.700E+03 1.284E+05
NOg,'1 6.400E+01 6.400E+03 6.400E+03 1.310E+06
SO4'2 1.670E+02 1.670E+04 1.670E+04 0.000E+00
HCOg'1 9.470E+02 7.000E+04 0.000E+00 0.000E+00
Si 27 (60°C), 49 (90°C) 27 (60°C), 49 (90°C) 27 (60°C), 49 (90°C) 0.000E+00
pH 8.100E+00 8.100E+00 2.700E+00 7.000E+00

NOTE: CRWMS M&O (2000a)

CP measurements have been based on ASTM G 5-87, 1989. The reader should also note the
relevance of other procedures such as ASTM G 3-89, 1999 and G 61-86, 1998. Any necessary
deviations are noted in the corresponding SN. For example, the procedure calls for sulfuric acid;
whereas, simulated Yucca Mountain waters are used here. Furthermore, unlike the procedure,
the electrolytes used here were fully aerated. Representative CP curves are shown in Figures 3
and 4 of this report and are categorized as type 2 or 3. All potentials are measured relative to the
standard Ag/AgCl reference electrode at ambient temperature (approximately 20°C).
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A generic type 1 curve exhibits complete passivity (no passive film breakdown) between the
corrosion potential (E.,,) and the point defined as threshold potential 1 (E,iicas). This
interpretation was verified by visual inspection of samples after potential scans and photographic
documentation of some of those samples (all samples are held in the archives at LLNL).
Threshold potential 1 is in the range where the onset of oxygen evolution is expected and is
defined by a large excursion in anodic current. This particular definition of threshold potential 1
is specific to type 1 curves. Type 1 behavior has only been observed with the WPOB (Alloy 22)
and is illustrated by Figures 3 and 4 in the AMR entitled General and Localized Corrosion of the
Waste Package Outer Barrier (CRWMS M&O 2000d, p. 35). The interpretation of type 1
curves as exhibiting no passive film breakdown is consistent with Section 7 of ASTM G61-86,
1998.

A generic type 2 curve exhibits a well-defined oxidation peak at the point defined as threshold
potential 1. Threshold potential 2 is in the range where the onset of oxygen evolution is expected
and is defined by a large increase in anodic current. These particular definitions of the threshold
potentials are specific to type 2. Repassivation potentials 1 and 2 are defined as the points where
the hysteresis loop passes through a current levels of 4.27x10° and 10~ amps, respectively (not
shown). Repassivation potential 3 is determined from the first intersection of the hysteresis loop
(reverse scan) with the forward scan. Type 2 is observed with both stainless steel 316L and
Alloy 22 and in the case of 316L in SCW at 90°C is illustrated by Figure 3. Scully et al. (1999)
define the threshold potential for crevice corrosion of Alloy 22 as the point during the scan of
electrochemical potential in the forward direction where the current density increases to a level
of 10° to 10° A cm™. Gruss et al. (1998) define the repassivation potential as the point where
the current density drops to 10° to 107 A cm™, which is comparable to the definition of
repassivation potential 3.

A generic type 3 curve exhibits a complete breakdown of the passive film and active pitting at
potentials that are relatively close to the corrosion potential. In this case, threshold potential 1
corresponds to the critical pitting potential. Of the other WP materials tested, type 3 behavior
has only been observed with 316L. Figure 4 shows such a CP measurement of stainless steel
316L in SSW at 100°C. This is a saturated sodium-potassium-chloride-nitrate electrolyte,
formulated to represent the type of concentrated electrolyte that might evolve on a hot WP
surface. This formulation has boiling point of approximately 120°C at ambient pressure.
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Figure 3. Type 2 —316L in SCW at 90°Centigrade (PEA002)
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Figure 4. Type 3 — 316L in SSW at 100°Centigrade (PEA016)
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